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INTRODUCTION

Transporting thermal energy ata high rateover a small tempentme gradientis an important

require-mentfor many heat transferapplications.The heatpipe prmddes a passiveheat tra.nsfer
system thatw,complishes thisrequ/rement.

There have been many advances in heat pipe design, theory and practice since the first
experimental work performed by Grover (1964) and the Krstquantitative analysisperformed by
Cotter (1965). The scope of published information spans a broad range of theory, analysis.
experiment, and application. However, the majority of these works are limited to steady state
applications under highly idealized conditions. Comparatively little work has been done that
addi'esses future heat transport requirements for applications that would benefit from the use of

heat pipes. For example, space missions requiring hi.gh power supplied and reliable operation over
a wide range of conditions may use nuclear generanng systems. Such a system has a wide range
of heat transfer n_:luirements that may be met by heat pipes.

The purpose of thisresearchisto develop an analyticalmodel of the transientdynamics of the

liquidphase in a high temperatureheatPipe- This liquidphase model isintended to be coupled
with a vapor phase model for the assessment of the potential for heat pipes to meet futureheat
transfer requirements covering a broad spectrum of transient operating conditions. These
requirements are assumed to include high temperatures, high thermal flux, and reliable operation
over long distances and small temperature drops. The model is intended to calculate the
temperatures, velocities, and pressures requited to assess heat pipe transients. Transient operation
characteristicsof interestinclude the capabilityof a heat pipe to reach steady stateoperation

followinga change inoperatingconditions;theallowablemagnitudes and ratesof changes; thetime

required to respond to transientconditions;and the temperatuses, velocities,and pressures
encountereddm-mg transientoperation.

Intensive studies have been canied out at the Los Alamos National Laboratory on startup and

shut-down operations of heat pipes (Memgan 1985 and 1986. and Merrigan et al. 1986).
Experiments were performed on long heatpipes using liquidsodium and potassium as working
fluids.Bystrov and Goncharov (1983) performed experimental and theoreticalstudieson a heat

pipe with and without a foreigngas. In theiranalysistheyused a lumped parameter approach for
heat balance. Chang and Colwel (1984 and 1985) and fang (1988) also studies the stanup

transientof heatpipes. Jang (1988) performed an overallanalysisof the liquidand vapor phases.

However, thevapor core was assumed atsteadystate.

The heat pipe selected for this study uses an annular wick configuration as shown in Figure 1.
The wick configuration consists of several layers of fine pore screen pressed together an.d
concentrically installed in the pipe to form an annular flow channel. The annulus forms a low
resistance flow channel while the fine pore screen tube forms the high pumping capability

boundary between the liquid and vapor regions.
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THE SOLUTION PROCEDURE

The objective of this study is to develop an analytical model of the liquid phase of a heat pipe.
The model is intended to be coupled to a vapor phase model for the complete solution of the heat
pipe problem. The mathematical equations arc fcrmulat_ consis_'nt with physical processes while
allowing a computationallyefficientsolution.The model simulatestime dependent characmSstics

of concern to the liquidphase including input and output heat fluxes,phase change, liquid

tc_ container_ liquidvelocities, and liquid
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FIGURE I. Heat Pipe with High Performance Composite Annular Wick.

The heat pipe selected for study, see Figure 1, has an annular wick consisting of several layers
of fine pore screen concentrically installed in the pipe forming an annular flow channel. The screen
tubevapor sidecapillaryforcesyieldthepumping capabRi W thatdrivesthe flow in theannulus.

The governing equationsfor the liquidare conservationof mass momentum mad energy with

appropriate boundary conditions. The system is assumed to operate in a gravity free environment.
The thermal energy source adds heat uniformly around the evaporator cirmmffea'enc¢ while the heat
sink extracts heat uniformly around the condenser citmxmferenee. The liquid flow in the annulus is
relatively simple because the cross-stream dimension is much smaller than the _wise allowing
the cross-stream pressure gradient to be ignored. The boundary conditions on the flow are that the
velocities are zero on the bounding surfaocs and the ends are adiabatic.

The heat pipe external boundary is divided into three regions. The evaporator region absorbs
energy from the environment, the adiabatic region exchanges no energy with the environment and
the condenser rejects heat to ,.he environment. The evapo:'ator surface is assumed to be exposed to
a known surface heat flux condition, while the condenser exchanges heat radiatively to a sink of
known temperature.

The liquid vapor interface serves as the communication link between the liquid and the vapor
along the entire axial length of the pipe. The general liquid-vapor interface conditions are
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conservation of mass, continuity of tangential stress, continuity of normal stress, continuity of
thermal flux, and supplemental relations deriving from kinetic theory.

A very simpLified treatment of the vapor phase was implemented to close the mass flow circuit.
It was felt that the vapor response being orders of magnitude fasten" than the liquid response, it
could be n'e,ated as quasi-steady. Below the sonic limit the vapor space is considered to be a single
control volume. The mass in the volume is found by keeping tract of the evaporation and
condensation. With the vapor space volun¢ an esdmam of the density can be made in terms of the

liquid-vapor interface and sann'a6on temperatm'es. With the Clanssius-Clape.yron equation the
density can be found. This is used with an equation of state to yield an equauon for the liquid-
vapor intea'face tem_ in teams of the vapor saturation temperature which closes the problem.
If the sonic limit is reached, two control volumes are posmlamd d_ cocnmunicate mass at the sonic
limit.Keeping tractof the mass ineach and assuming thatthe limitisreached atthe exitof the

evalxratorallowsa _t similartothesubsoniccase tobe carriedout.

The governing equations,boundary conditions,property re.lafionsand supplemental equations
were coded forsolutionin FORTRAN and computations were carriedout using the UCLA IBM

3090. The derailed algorithms and code listing are given by Roche (1988).

DISCUSSION OF RESULTS

Capabilitiesof the computationalalgorithmwere tcsmd by running two heatpipe starmp cases.

The heatpipe dimensions were chosen tobe consistentwith the experimental device describedby

Mcrrigan etal(1986) up to the limitof the uniform gridused in thisanalysis.The expcrimcnutl

heat pipe in thatstudy used lithiumas the working fluidand an annular wick configuration.The

annularregion for liquidflow was formed between the pipe interiorwall and a porous concentric
tube constructedof 7.25 layersof pressed screen. The high temperatures involved requiredthe

container to bc consu'uctcdfrom the refractoryallow molybdemm3. The heat pipe gcomcnv

parametersused in thisanalyucalstudycompared tothe actualparamac_'san:

Pa.ral_eter Aca_ Approximaz

4.0 4.0 m

0.4 m 0.4 m

3.0 m 3.0 m

1.90cm 1.886 cm

1.60cm 1.598 cm

1.49cm 1.490 cm

53 gm 53 I,tm

Heat Pipe Internal Length (l.)
Evapormor Length (Le)
Condenser Length (Lc)
ExternalDtanz_ (D_)
InternalDiaxzztcr(Dr)
Vapor Space Diameter (Dy)

Effective Wick Pore Diameter (Dp)

where the effectivewick pore diameter was experimentally determined from surface tension
measurements.

An axialgridstepsizeofhx ffi0.2 m and a radialgridstepsizeofhr = I.I x 10-4m were used.

The computational gridconsistedof 21 axialgridstepsand 20 radialgridsteps.The gridmapping
tothe heatpipeconfigurationis:
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RadialLkluidSpace

Radial Pipe Wall
Axial Evaporator Region
Axial Adiabatic Region
Axial Condenser l_on

1 <i< 6

6_<j_<20
1<i_3
1<i<6
6>i<21

The time stepsizewas selectedby running a seriesof calculationsforthreehundred time steps

each with graduallydecreasingstepsizes.A time stepsizeof 81 = 1 x 10.3mad was found to

eliminate inconsistent liquid-vaporinterfacem_, but did not completely nmaov¢ pressure

oscillations.A time stepsizeof 81 = 1 x 10-3 second removed the pressm'e oscillationsfor the

threehundred time stepscalculation.This time stepwas used inthecalculations.

SLOW STARTUP TEST

A starmp test was devised to supply input energy w the evaporator such that the heat pipe would
not reach the sonic limit. This test was to check overall program implementation. Input heat flux
was suppliedaccording to thefunction

qLn = qmax t >f

where qmax is the maximum input heat flux and t is the time stretching parameter that controls

how quickly qin reaches qmax. In this test, qmax = 1 x 106 W/m 2 and x = 300 seconds

corrcsponding to a five minute period for the input heat flux to reach the maximum.

Calculations were performed for 113,193 time steps, or a period slighdy greater than 114
seconds. The run was terminated at this time since the liquid pressure drop exceeded the capillary
pumping limit Analysis of the results shows that the capillary pumping limit was exceeded due to
a large jump in pressure drop at a single time step. The pressure calculations had been
experiencing oscillations with usually small amplitudes of approximately 2.5 Pa. The oscillations

began afterthe300 stepsused to verifythe adequacy of thetime stepsizeof Ix 10.3second. The

oscillationsbecome very largeatt= 90 seconds,but begin todecay untilthelargejump occurs at

approximately 114 seconds.

Power transfer as a function of time is shown in Figure 2. 'While the input power briefly
exceeds the sonic limit line, the phase change heat transfer remains below the sonic limit. At

approximately 103 seconds into the transient, the sonic limit exceeds the capillary limit so that the
capillary limit becomes the controlling heat transport limit. At approximately 105 seconds, the

unlikely result is produced that the phase change heat transfer exceeds the input heat n'amfer. With
the exception of this anomaly, the heat transfer curves are well behaved, smooth functions of time.
In addition, the phase change heat transfer is well below the capillary limit heat transfer at the point
when liquid pressure drop jumps to exceed the capillary pumping limit. The cause of the liquid
pressure drop jump is not apparent from the heat wansfcr curves.

The vapor tempermm_ as a function of time is shown in Figure 3. The vapor temperature is also
a smooth, although rapidly increasing, function of time. The cause of the jump in liquid pressure
drop is also not apparent from vapor temperature.
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FIGURE 3. Slow Startup Vlpor Tcmi:_raturc Results.
There are many po_emia.l Causes for the pressure

physical, but this possibility is oscil/at/ons. The pressure osci/Jat_ons may be
r_mou_ Considering the nurae-r/ca/Sensitivities of the method. _/'he
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time step size of I x 10 -3 second may have been too large. If this is the case, a smaller time step
may not be acceptable considering the cost of computations for a transient process that occurs over
a period of tens of minutes.

The pressure calculations are based on the convenient assumption that the minimum liquid
pressure occurs at the end of the condenser, although this assumption is not generally v_did for the
wide range of operating conditions encountered during a stanup transient.

SONIC LIMIT STAR'rI_ TEST

A startup test was performed to test algorithm calculation of sonic limited operation. Using

again '_ = 300 seconds, the maximum input heal flux was increased to qmax = 1.5 x 206 W/m 2 to

assure the phase change heat transfer would reach the sonic limiL Heat wa.nsfer results m'e shown
in Figure 4.

Input power exceeds the sonic limit at 20 seconds, and remains above the sonic limit through the
duration of the test of 130 seconds. The evaporation and condensation heat fluxes are essentially
equal as the sonic limit is reached at approximately 40 seconds. Evaporation and condensa6on
follow the sonic limit curve until 80 seconds. After 80 seconds, condensation heat flux increases

above the sonic Limit, while evaporation heat flux continues to follow the sonic Limit curve. This
unlikely result is a result of the inadequacies of the simple vapor model used to perform
calculations. The vapor model unintendonaUy forces a high condensation rate, which forces the
condenser temperature to increase rapidly due to the high thermal resistance of the radiation
boundary condition on the condenser. This temperature effect is shown in Figure 5. The
evaporator vapor mntx:rature smoothly and gradually increases with time, while the
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FIGURE 4. Sordc Limit Starmp Heat Transfer Results.
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FIGURE 5. Sonic Limit Smrmp Vapor Temperature Results.

condenser vapor t_-znpcnm_ rapidly increases. The condenser tempcnnm: eventually in_r_.ascs
sufficiently so that radiation heat u'ansfer from the condenser becomes very efficient. At
approximately 93 seconds,the outputheattransferexceeds the evaporation heatwa.nsfcr,which is

anotherunlikelyresuIL Calculationsarc terminamd m 130 seconds due w thecondensation heat
n'ansferexceedingthecapillaryIx_ u'ansfcr_ While thecapillarylimitisnoc snictlya limiton

condensation._ons had _y passed beyond physicalsignificanceand thecomputational

implementationhad been dcmtm.s_a.tcd.

CONCLUSIONS AND RECOMMENDATIONS

The heatpipeisa very complex device such thatperfom'dng analysisof heatpipe n'ansientsisa
difficultventure.The difficultyisdue tothe coupled liquidand vapor dynamics, the phase change

process, the coupled heat transferproblem with nonlinear boundary conditions,the physical

geometry, and the u'ansicnttime requir_menu This study has presented the fullsystem of

governing equations,includingboundary conditions,requ£r_ to solve the liquidphase heat pipe

problem. A simplifiedsolutionwas formulated by using certainassumptions and integratingthe

liquiddynamics equations.

The resultingformulationidenufieda key requirement for futureresearch in solving the heat

pipe problem. This study used a kinetictheory approach to model the phase change. The model
consistsof a largecoefficientmultiplyinga very smalltcmperatme diffe_nce. The model requires

a very small dmc stepforstabilityeven with the simplific_ionsused in thisanalysis.The large
coefficientalsotransformstemperature differencesthataye otherwise beyond n'mchine accuracy

intocomputationaIIysignificant_rms. Future researchshould inves6gatean alternativemodel for

the phase change process.

Difficultywith geome .n'ywas encountered due to the widely disparatelength scalesin the
differentcoordinatedirecoons, The radialdimension acrossthe liquidismuch smallerthan the

radialdimension acrossthe pipe wail,which inturnismuch smallerthan dimensions inthe axial

direction.One approach toaddzessthisproblem istoassume radialgradientsare negligible.The

radialpressuregradientwas neglectedinthisstudy. This studyalsofound small radialtempe_ture

gradientsindicatingthattheradialthermal resism.nceissmall The drawback of thisapprrm_h isthe

lossof fidelitywith the u'uephysics of the problem- A p_ferable approach may be to use a

variablemesh gridwith a to-be-determinedsimplifiedtreatmentof radialgradients.The variable
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mesh gridallows fineresolutionin importantregionswith coarseresolutionin the otherregions.
The simplifieduv.atmcntof radialgradientswould takeadvantageof the smallradialgradients.

The long durationoftransientspresentsaco_g concern with model complexity. An overly

complex model with high fidelitymay be too computationallyexpensive forpracticalcalculations
of transients.

This study has also shown that the transient heat pipe problem is not amenable to a
straightforward simplification such as is used for the vapor phase. The solution of the heat pipe
transientproblem requiresa fullsolutionof the liquidand vapor phases. This elusivesolutionis
leftw futureefforts.
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